ABSTRACT Bois noir is an economically important grapevine yellows that is induced by 'Candidatus Phytoplasma solani' and principally vectored by the planthopper Hyalesthes obsoletus Signoret (Hemiptera: Cixiidae). This study explores the 'Ca. P. solani' genetic variability associated to the nettle-H. obsoletus and bindweed-H. obsoletus systems in vineyard agroecosystems of the central-eastern Italy. Molecular characterization of 'Ca. P. solani' isolates was carried out using polymerase chain reaction/ restriction fragment length polymorphism to investigate the nonribosomal vmp1 gene. Seven phytoplasma vmp-types were detected among the host plants-and insect-associated field-collected samples. The vmp1 gene showed the highest polymorphism in the bindweed-H. obsoletus system, according to restriction fragment length polymorphism analysis, which is in agreement with nucleotide sequence analysis. Five vmp-types were associated with H. obsoletus from bindweed, of which one was solely restricted to planthoppers, with one genotype also in planthoppers from nettle. Type V12 was the most prevalent in both planthoppers and bindweed. H. obsoletus from nettle harbored three vmp-types, of which V3 was predominant. V3 was the only type detected for nettle. Our data demonstrate that planthoppers might have acquired some 'Ca. P. solani' profiles from other plant hosts before landing on nettle or bindweed. Overall, the different vmp1 gene rearrangements observed in these two plant hosts-H. obsoletus systems might represent different adaptations of the pathogen to the two host plants. Molecular information about the complex of vmp-types provides useful data for better understanding of Bois noir epidemiology in vineyard agroecosystem.
Stolbur phytoplasma is associated to the grapevine yellow disease known as 'Bois noir' (BN), which can cause severe production losses in grapevines (Vitis vinifera L.; Caudwell 1961 , Maixner 2006 , Botti and Bertaccini 2007 , Endeshaw et al. 2012 , and to diseases of several important vegetable crops such as Solanaceae (e.g., Solanum lycopersicum L., Solanum tuberosum L., and Capsicum spp.) and Apiaceae (e.g., Apium graveolens L.; Carraro et al. 2008 ). Stolbur phytoplasma belongs to the 16SrXII-A group of the 'Candidatus Phytoplasma' genus taxonomy, which is based mainly on the 16S rRNA gene phylogeny, and its designation as 'Candidatus Phytoplasma solani' has been proposed (Quaglino et al. 2013) .
The planthopper Hyalesthes obsoletus Signoret (Hemiptera: Cixiidae) is considered to be the principal vector of the stolbur phytoplasma that causes BN in both southern and central European vineyards (Maixner 1994, Sforza and Boudon-Padieu 1998) . However, several studies have indicated that other polyphagous planthoppers and/or leafhoppers appear to be involved in the dispersal of 'Ca. P. solani' to grapevines because in some European areas, H. obsoletus has not been reported, or its population density does not correlate with BN incidence (Laviñ a et al. 2006 , Trivellone et al. 2006 , Pinzauti et al. 2008 , Riedle-Bauer et al. 2008 , Landi et al. 2013 . Recently, transmission of 'Ca. P. solani' to grapevine by the planthopper Reptalus panzieri (Low) was also confirmed (Cvrković et al. 2014) .
Adults of H. obsoletus can feed on various herbaceous plants, although only a few species are generally selected to complete their life cycle. Females lay eggs during the summer in the soil near the roots of host plants on which the nymphs feed and overwinter (Sforza et al. 1999) . The H. obsoletus plant host range is still under investigation and includes very different plant families. This planthopper is polyphagous and its preferred hosts can change depending on geographic area (Hoch and Remane 1985, Riolo et al. 2012 and references therein). In northern-central Italy, Urtica dioica L. (nettle) is the main H. obsoletus host plant (Riolo et al. 2007 , Lessio et al. 2007 , whereas in most parts of Europe, Convolvulus arvensis L. (bindweed) is the dominant host (Riolo et al. 2012 , and references therein).
The occurrence and spread of BN are associated with the presence in the vineyard agroecosystem of wild vegetation that can host both the vector and the phytoplasma (Riolo et al. 2007 , Landi et al. 2013 , Minuz et al. 2013 . Among these, nettle and bindweed have important roles in BN epidemiology (Maixner et al. 1995 , Bressan et al. 2007 , Lessio et al. 2007 , Kessler et al. 2011 . Grapevine represents a dead-end host for the stolbur phytoplasma, which is only incidentally transmitted by H. obsoletus from other host plants to the grapevine during its feeding probing (Weintraub and Beanland 2006) .
Within a suitable environment, this pathogen can rise to epidemic levels when the vector transmits to several compatible host populations and when encounters between vector and pathogen are frequent. Vector dispersal and feeding behaviors are essential for the pathogens to encounter new host individuals, and thus for disease spread (Weintraub and Beanland 2006) . Furthermore, when these phytoplasma live on different hosts, modifications can be seen to the phytoplasma genome. They can efficiently invade cells of insects and plants, and switching between these hosts might be associated with transcriptional changes in the phytoplasma. These changes associated to phytoplasma-host interactions can be decisive in the epidemiology of the disease (Sugio and Hogenhout 2012) .
Characterization of 'Ca. P. solani' according to the tuf gene that encodes elongation factor Tu (EF-Tu) (Langer and Maixner 2004) has identified three genetic types, tuf-a, tuf-b, and tuf-c. To date, tuf-a has been associated predominately with nettle (Langer and Maixner 2004 , Bressan et al. 2007 , Riolo et al. 2007 , tuf-b with a wide range of weedy plants (Credi et al. 2006) , and tuf-c with hedge bindweed (Langer and Maixner 2004) . However, bindweed was reported to be the dominant reservoir plant of tuf-b throughout most of Europe (Ember et al. 2011) . In a recent study, strong evidence for genetic host races of H. obsoletus in nettleassociated and bindweed-associated populations was obtained in northern Europe, while this situation was not seen for the Mediterranean area (Imo et al. 2013) .
The existence of different types of 'Ca. P. solani' associated with different plant hosts, together with the host affiliation of H. obsoletus populations (Johannesen et al. 2008) , has led to the assumption that there are distinct epidemiological cycles of stolbur phytoplasma in the field (Maixner 2010) . The nettle-H. obsoletus system appears to be predominant in north-western Italy (Lessio et al. 2007 ), while the bindweed-H. obsoletus system appears to be observed in central Europe (Langer and Maixner 2004) . In the case of grapevine yellows associated with stolbur phytoplasma, different molecular types appear to have different roles in disease epidemics, which depend on the geographic area (Langer and Maixner 2004 , Murolo et al. 2010 .
Over recent years, several studies have investigated phytoplasma genes that code for surface-exposed membrane proteins, which vary more rapidly than the rest of the genome, and are involved in phytoplasma-host interactions . Indeed, in 'Ca. P. solani', the variability in the genes that code for variable membrane protein 1 (VMP1) (Cimerman et al. 2009 ) and the antigenic membrane protein (Fabre et al. 2011 ) increases considerably.
The aim of the present study was to analyze the vmp1 genetic variability of 'Ca. P. solani' in H. obsoletus and in its main host plants, in vineyard agroecosystems of central-eastern Italy. The analysis was performed considering the two natural cycles of stolbur phytoplasma: the bindweed-H. obsoletus and nettle-H. obsoletus systems. This study increases our knowledge of the epidemiological cycle of BN in central-eastern Italy, where the disease is considered a limiting factor for grapevine production.
Material and Methods
Sampling Sites. The sampling of H. obsoletus adults (males and females) using a standard circular sweep-net were carried out in July 2006 July , 2007 July , and 2008 , in five commercial vineyards (each 10-15 yr old) of the Marche region (central-eastern Italy; Fig. 1 , sites 1-5). This sampling focused on the main herbaceous host plants that were growing both in the vineyards and along their borders: nettle and bindweed. Nettle and bindweed were also collected at these sites.
For site 1 (Castelferretti, AN; 43 36 0 N, 13 23 0 E), the main cultivated grapevine were 'Sangiovese' and 'Montepulciano.' For site 2 (Morro D'Alba, AN; 43 N, 13 14 0 E), the grapevine cultivars were 'Lacrima,' 'Merlot,' and 'Pinot'. For site 3 (Montefano, MC; 43 24 0 N, 13 22 0 E), the cultivars were 'Chardonnay,' 'Trebbiano,' and 'Montepulciano'. In these three sites, there was wild ground cover both inside the vineyards 37 0 E), where the cultivated grapevine cultivars were 'Chardonnay' and 'Montepulciano', and there was wild ground cover that included bindweed inside the vineyards, but no nettle was present along the borders. For site 5 (Serrapetrona, MC; 43 10 0 N, 13 11 0 E), the cultivated grapevine was 'Vernaccia nera' the vineyard was tilled, with wild ground cover (including nettle) along the borders. The grapevine phytosanitary status showed BN disease in all five of these selected vineyards (Romanazzi et al. 2013, Nardi, personal communication) .
Molecular Characterization of Stolbur Isolates According to the vpm1 Gene. We carried out the molecular characterization of vmp1, a gene that encodes a putative membrane protein of 'Ca. P. solani,' for stolbur phytoplasma-positive planthoppers and plant hosts (bindweed and nettle) in which the tuf types were identified in previous studies (Riolo et al. 2007 , Landi et al. 2013 .
The molecular characterization of vmp1 was carried out using nested polymerase chain reaction (PCR). The analysis was performed first using the primer pair StolH10F1/StolH10R1 (Cimerman et al. 2009 ), then by the nested primer pair TYPH10F/ TYPH10R, according to the procedure described by Fialová et al. (2009) , and followed by RsaI restriction fragment length polymorphism (RFLP). After digestion, the products were analyzed by electrophoresis on 2.0 % agarose gels, and after staining with SYBR Safe (Bio-Rad, Hercules, CA), they were visualized with a UV transilluminator.
Sequencing. Nucleotide sequence analysis of the vmp-types of representative isolates was carried out by sequencing the amplicon generated with the TYPH10F/TYPH10R primer pair. Each PCR amplicon (n ¼ 23) of the vmp1 gene fragments was sequenced in both directions (forward and reverse). The amplicons were processed by Beckman Coulter Genomics (Hope End, Takeley, United Kingdom).
Phylogenetic Analysis. For phylogenetic analysis, 51 vmp1 sequences were downloaded from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/). Sequence similarity searches were performed using the BLAST analysis of NCBI. Multiple sequence alignments were achieved using Clustal_X (Thompson et al. 1997) . Phylogenetic trees were constructed using the molecular evolutionary genetics analysis (MEGA) program, version 5.2 (Tamura et al. 2011) , according to the neighbor-joining method (Saitou and Nei 1987) , with pairwise deletion with 1,000 bootstrap replicates. The sequences have been deposited with NCBI GenBank, and the accession numbers are reported in Table 1 .
Estimates of average evolutionary divergence over the sequence pairs within and among the vmp1 profiles were carried out using the maximum composite likelihood model for the vmp1 sequences. The average genetic distances among the clades inferred by the phylogenetic analyses were computed according, to the Jukes-Cantor model (Jukes and Cantor 1969) , with the MEGA software.
Results

Molecular Characterization of the vmp1
Gene. Among the H. obsoletus specimens that were positive for tuf-type stolbur phytoplasma (n ¼ 165) (Landi et al. 2013) , only 152 yielded a specific amplicon in the nested PCR that targeted to the nonribosomal gene vmp1. Among the stolbur-positive planthoppers collected from bindweed (females, 79; males, 26; 100% tuf-b), 98 (females, 75; males, 23) specimens were positive for vmp1. Among the stolbur-positive planthoppers collected from nettle (females, 31; males, 29; 90% tufa; 10% tuf-b), 54 (females, 27; males, 27) specimens were positive to vmp1. Among the stolbur-positive plant hosts (bindweed, n ¼ 16, 100% tuf-b; nettle, n ¼ 5, 100% tuf-a; Riolo et al. 2007 ), 87.5% of the bindweed and 100% of the nettle samples were positive for vpm1. Forty-nine samples yielded a 1,700-bp amplicon, while the rest yielded a 1,450-bp amplicon (data not shown). The PCR-RFLP revealed seven different profiles, according to the descriptions by Murolo et al. (2013 Murolo et al. ( , 2014 and the SEE-ERANET nomenclature: V3, V9, V11, V12, V14, V15, and V18 (Fig. 2 ). These were differently distributed in the agroecosystems analyzed (Tables 2 and 3 ). Digestion of the 1,700-bp fragments only yielded the V12 profile, whereas six different profiles were distinguishable from the amplicons of 1,450 bp.
The V3 profile was obtained only from individual carrying tuf-a phytoplasma, while the V18 profile was identified from both tuf-a (75%) and tuf-b (25%). The remaining profiles were all associated with tuf-b.
Nettle-H. obsoletus System. The profile that was over-represented in H. obsoletus collected from nettle was V3 (87.0%), although V18 (7.4%) and V12 (5.6%) were also detected ( Table 2) .
The V3 and V18 profiles were detected in both females and males, while V12 was identified only in males (Fig. 3) . In nettle plants, only the V3 profile was detected (Table 3) .
Bindweed-H. obsoletus System. The vmp1 profiles detected in the H. obsoletus collected from bindweed were V12 (43.9%), V9 (38.8%), V11 (5.1%), V15 (8.2%), and V14 (4.1%; Table 2 ). The V9, V11, and V14 profiles were detected in males as well as females, while the V15 profile was detected only in females (Fig. 3) .
In the bindweed samples, the profiles V12 (33.3%), V9 (33.3%), V15 (8.3%), and V14 (25.0%) were detected. In these plants, sporadically, a complex profile was identified that resulted from the combination of V12 and V15 (Table 3) .
The relationships according to the vmp1 profiles detected in H. obsoletus and in its host plants are summarized in the Figure 4 . The distributions of the vmp1 profiles, according to the agroecosystems, are given in Tables 2 and 3 .
Phylogenetic Analysis. The clades associated with the vmp1 RFLP patterns and the well-supported (Fig. 5) . All of the sequences grouped according to the vmp1-types selected in the literature (Table 1 ; Fig. 5 ).
In particular, all of the sequences identified with V3, V9, V12, V14, and V18 profiles from H. obsoletus and its host plants clustered in the same monophyletic clade. Polyphyletic groups were identified based on isolates that belonged to the V11 and V15 profiles (Fig. 5) . The maximum variation of genetic distance within a vmp1-type was 30.3% in V11, and 22.8% in V15. The minimum distance was observed between V3 and V18, as 1.7% (Table 4) .
Discussion
'Ca. P. solani' use more than one plant-vector system to exploit different ecological niches, with examples where the specific host association of genetically diverse phytoplasma strains leads to separate epidemiological systems in the field (Maixner 2010) .
In the present study, the vmp1 gene was investigated to explore the stolbur phytoplasma genetic variability associated to the nettle-H. obsoletus and bindweed-H. obsoletus systems in vineyard agroecosystems in the Marche region (central-eastern Italy). The vmp1 gene is involved in interactions with the environmental hosts of the phytoplasma, as it codes for a phytoplasma surface protein. This gene can thus be strongly exposed to selective pressure (Murolo and Romanazzi 2015) , and it shows a high degree of variability among stolbur phytoplasma. This variability was revealed over the past few years, mainly in BN-infected grapevine and herbaceous plants (Cimerman et al. 2009 , Murolo et al. 2010 , Murolo et al. 2014 , and also in H. obsoletus (although in low numbers) ) and two other planthoppers, R. panzeri and Reptalus quinquecostatus (Dufour) (Cvrković et al. 2014 , Oliveri et al. 2015 .
Overall, seven vmp-types in the stolbur phytoplasma were detected among these herbaceous host plantsand insect-associated field-collected samples. Five vmp-types were found to be associated with H. obsoletus from bindweed (i.e., V9, V11, V12, V14, and V15), of which one was solely restricted to the planthopper (V11). vmp -Type V12 was the most prevalent for bindweed and planthoppers from bindweed, although it was also detected for planthoppers from nettle. On the other hand, H. obsoletus from nettle was found to harbor mainly V3, followed by V12, and V18; in contrast, in nettle, only V3 was present.
The epidemiology of vector-borne plant pathogens is directly dependent on the vector species and its life strategy, which includes its host specificity, feeding preferences, and dispersal capacity (Maixner 2010 ). Behavioral differences between males and females can also affect pathogen transmission (Hoy et al. 1999, Weintraub and Beanland 2006) . Riolo et al. (2012) reported that H. obsoletus females are strongly attracted by the nettle odor, whereas for the males, nettle and bindweed odors elicit the same behavioral response. Moreover, H. obsoletus males have a higher dispersal capability than females (Bressan et al. 2007 , Lessio et al. 2007 , Minuz et al. 2013 . The presence of V12 and V15 only in males from nettle and females from bindweed, respectively, might support the hypothesis of gender-biased gene flow; however, further investigations are needed to support this hypothesis. Our data demonstrate that planthoppers might have acquired stolbur molecular types (i.e., V12, V18, and V11) from other plant hosts before landing on nettle or bindweed. Likewise, the association of the V18 profile with both the tuf-a and tuf-b stolbur types suggests complex interactions that involve different host plants.
All of the vmp-types detected in the present study have been previously identified previously in BNinfected grapevine samples grown in the Marche region, where V12 and V14 are dominant (Murolo et al. 2010 , Murolo et al. 2014 . Our data support the hypothesis of the presence of at least two epidemiological cycles in central-eastern Italy, as bindweed-H. obsoletus to grapevine, and nettle-H. obsoletus to grapevine, although they also provide strong evidence of the involvement of other plant hosts. A similar situation was hypothesized by Pacifico et al. (2009) for vineyard agroecosystems in north-western Italy. It is of note that in both north-western (Lessio et al. 2007 ) and central-eastern (Riolo et al. 2007 ) Italy, the H. obsoletus life cycle can be completed only on nettle, although the level of stolbur-infected plants that we found in our survey was very low and asymptomatic, in agreement with the findings by Pacifico et al. (2009) . Asymptomatic phytoplasma infections have been reported for several species (Lee et al. 2000) , and in these cases, identification of infected plants is difficult. Moreover, phytoplasma detection in nettle can be erratic, even when DNA enrichment protocols are used (Langer and Maixner 2004) .
The different vmp1 gene polymorphisms observed in the present study between the nettle-H. obsoletus and bindweed-H. obsoletus systems reflect the complex (100 bp interactions of the pathogen via the shared vector and plant hosts. The phylogenetic studies performed in the present study revealed no specific vmp-types associated with the insects or the herbaceous plants. In addition, low genetic distances were detected within the isolates that showed the same RFLP profiles described as V5, V9, V12, V14, and V18, which split into the specific groups of the phylogenetic tree, in particular with those isolated from the Italian grapevines. This suggests a substantial conservation of the vmp1 genetic profiles in the vineyard agroecosystems. On the other hand, relatively high genetic distances were observed within isolates that are characterized as V11 and V15, all of which associated with the bindweed-H. obsoletus system, and for which the sequences split into two different parts of the phylogenetic tree. These data reflect the high genetic variability previously observed within the V11 and V15 profiles, according to vmp1 isolates from grapevine (Murolo et al. 2010) . Moreover, the only vpm1 profiles involved in mixed infection detected in bindweed were the V15 and V12 profiles, with the former being the most widespread in the agroecosystems analyzed. However, further investigations are required to clarify whether this specific genetic variability is the result of a necessary adaptation of the phytoplasma to its complex changing environment.
Interestingly, among the vpm1 profiles, V3 and V18 associated with H. obsoletus from nettle showed the minimal genetic distance, revealing the more conserved genetic sequences correlated to these organisms. Our Murolo et al. (2013 Murolo et al. ( , 2014 and the SEE-ERANET nomenclature. Murolo et al. (2013 Murolo et al. ( , 2014 and the SEE-ERANET nomenclature. August 2015 LANDI ET AL.: STOLBUR GENETIC VARIABILITY ASSOCIATED TO VECTORdata are in agreement with the geographic distribution of stolbur phytoplasma from nettle isolates that was observed by Johannesen et al. (2012) , with Italian and Slovenian isolates differing from those from France and Germany. All of the vmp1 sequences identified in the present study showed the highest similarities with Italian grapevine sequences, which shows that there are high correlations between genealogical and geographic levels (Johannesen et al. 2012, Tack and Laine 2014) . It is known that host specialization can be quantified through the analysis of pathogen genotype diversity, where host-specialized pathogen genotypes increase the frequency of infection in particular hosts at a greater rate than do nonspecialized genotypes (Zhan et al. 2002 , Galetto et al. 2001 , Benítez et al. 2013 . In the present study, the highest vmp1 gene variability, which was detected in the bindweed-H. obsoletus system, might also be related to the widespread distribution and abundance of this plant host in the agroecosystems with respect to nettle, which is usually present in patches in the vegetation surrounding vineyards (Minuz et al. 2013) .
For the stolbur genetic variability in these host plants, similar situations were also observed by Pacifico et al. (2009) and Murolo et al. (2010) . In contrast, in north-western Italy, the highest vmp1 gene variability was detected in H. obsoletus from nettle (i.e., V1 and V3), with respect to H. obsoletus from bindweed (i.e., only V12; although a small number of vector individuals were analyzed) whereas in grapevine, V3 was the most abundant ).
The erratic feeding behavior of the adults, the host plant distribution, and the rapidity of transmission (Bressan et al 2007) associated to a high density of H. obsoletus might promote a higher probability of the development of genetic recombination of the phytoplasma. Previous studies have shown that genetic recombination can increase the rate of pathogen adaptation (Baltrus et al. 2008) . We can also hypothesize that H. obsoletus from bindweed is a more efficient vector of the different phytoplasma genotypes than the vector populations from nettle, as also observed by Bressan et al. (2008) . Table 1 ). *, vpm1 profiles according to descriptions by Murolo et al. (2013 Murolo et al. ( , 2014 and the SEE-ERANET nomenclature.
Transmission of pathogens depends on the abundance and dispersal of their vectors and their host plants (Power 1987 , Mori et al. 2012 , which can be affected by different agronomic practices (Bressan 2009 , Maixner 2010 . In central-eastern Italy, nettle (linked to border area) is the only known primary host for H. obsoletus (a plant on which it develops on the root systems as the nymph), although the dispersion of this planthopper into the vineyard depends mainly on the spatial distribution of bindweed (Riolo et al. 2007 ). Weed management is the most effective method to reduce disease pressure, by lowering the density and the infestation levels of vector populations. However, the timing of weed control measures is crucial because if nettle is removed during the flight period, the search of adult H. obsoletus for alternative food sources would increase the infection pressure on the grapevines. Also, increasing plant diversity of the vineyard ground cover by using plant species that compete with bindweed might reduce planthopper abundances and decreased disease incidence.
PCR-RFLP characterization of the vmp1 gene here led to the detection of large genetic variability that was higher in the bindweed-H. obsoletus system than in the nettle-H. obsoletus system. This is in agreement with the phylogenetic study performed. In addition, the vmp1 sequences clustered according to their geographic origins reported in the literature.
Generalist pathogens characteristically have high genetic diversity and abundant opportunities for crosshost infection (Woolhouse et al. 2001) . When generalist pathogens are dispersed by polyphagous vectors that visit many hosts, there is a high number and diversity of host-pathogen interactions. Naturally infected vectors might move the pathogen through the border vegetation as well as into the vineyards (Landi et al. 2013 , Minuz et al. 2013 .
In the present study, the two plant host/H. obsoletus systems suggest different impacts of BN disease spread in the agroecosystems. However, despite the specificity of the vmp1 profiles detected in the two plant hostvector systems, the data show that other plant hostvector systems are possible.
The data recorded in the present study are useful to further clarify the spread of stolbur phytoplasma in vineyard agoecosystems, and they provide a better understanding of BN disease epidemiology, which is knowledge that is needed to set up appropriate management strategies. Murolo et al. (2013 Murolo et al. ( , 2014 and the SEE-ERANET nomenclature.
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